INTRODUCTION
In this fifth paper in the series of the discovery of isotopes, the discovery of the krypton isotopes is discussed. Previously, the discovery of cerium [1] , arsenic [2] , gold [3] , and tungsten [4] isotopes was discussed. The purpose of this series is to document and summarize the discovery of the isotopes. Guidelines for assigning credit for discovery are (1) clear identification, either through decay-curves and relationships to other known isotopes, particle or γ-ray spectra, or unique mass and Z-identification, and (2) publication of the discovery in a refereed journal. The authors and year of the first publication, the laboratory where the isotopes were produced as well as the production and identification methods are discussed. When appropriate, references to conference proceedings, internal reports, and theses are included. When a discovery includes a half-life measurement, the measured value is compared to the currently adapted value taken from the NUBASE evaluation [5] , which is based on ENSDF database [6] . In cases where the reported half-life differed significantly from the adapted half-life (up to approximately a factor of two), we searched the subsequent literature for indications that the measurement was erroneous. If that was not the case, we credited the authors with the discovery in spite of the inaccurate half-life.
DISCOVERY OF 69−100 KR
Thirty-two krypton isotopes from A = 69 − 100 have been discovered so far; these include 6 stable, 11 proton-rich and 15 neutron-rich isotopes. According to the HFB-14 model [7] , 115 Kr should be the last odd particle stable neutron-rich nucleus and the even particle stable neutron-rich nuclei should continue through 126 Kr. Three more neutron-deficient isotopes ( 66−68 Kr) are predicted to be stable. Thus, there remain 24 isotopes to be discovered. In addition, it is estimated that 2 additional nuclei beyond the proton dripline could live long enough to be observed [8] . Almost 60% of all possible krypton isotopes have been produced and identified so far. Undiscovered, predicted to be bound Undiscovered, unbound with lifetime > 10 s -9 Projectile Fission or Fragmentation (PF)
FIG. A.
Krypton isotopes as a function of time they were discovered. The different production methods are indicated. The solid black squares on the right hand side of the plot are isotopes predicted to be bound by the HFB-14 model. On the proton-rich side, the light blue squares correspond to unbound isotopes predicted to have lifetimes larger than ∼ 10 −9 s.
Figure A summarizes the year of first discovery for all krypton isotopes identified by the method of discovery. The range of isotopes predicted to exist is indicated on the right side of the figure. The radioactive krypton isotopes were produced using heavy-ion fusion evaporation (FE), light-particle reactions (LP), neutron-induced fission (NF), neutron-capture reactions (NC), spallation reactions (SP), and projectile fragmentation or fission (PF). The stable isotopes were identified using mass spectroscopy (MS). Heavy ions are all nuclei with an atomic mass larger than A = 4 [9] . Light particles also include neutrons produced by accelerators. In the following paragraphs, the discovery of each krypton isotope is discussed in detail. [11] . A niobium target was bombarded with 600 MeV protons, followed by mass separation. "Assignment of the β -activity to mass 71 was made by scanning over this mass region with the separator magnet." The halflife was measured to be 97 (9) ms. This value is included in the average for the presently accepted value of 100(3) ms. 72 
Kr
First reported in the article A New N = Z Isotope: Krypton 72, Schmeing et al. made the discovery of 72 Kr in 1973 using the upgraded Chalk River MP tandem [12] . Production of the isotope occurred by the fusion-evaporation reaction of 16 [14] . The discovery was made using the spallation of a Zr(OH) 4 target by 600 MeV protons. "The nuclide 73 Kr has been identified by on-line mass separation as a precursor of β -delayed proton emission." The measured half-life of 34 (4) Kr and 75 Kr, respectively. It should be mentioned that Gray et al. discovered 74 Kr essentially simultaneously [16] . The two papers were submitted less than a month apart. Gray was apparently not aware of the work by Butement and Boswell. 76 
Caretto and Wiig reported the discovery of 76 Kr in 1954 in A New Neutron-Deficient Isotope of Krypton. [17] . "While investigating the spallation reactions which occurred when yttrium was bombarded with 150-, 175-, and 240-Mev protons in the Rochester cyclotron, a new krypton isotope, Kr 76 , with a (9.7±0.5)-hour half-life was observed." The isotope was identified by measuring their radioactive decay with a NaI(Tl) phosphor and a beta-proportional counter following chemical separation. The measured half-life is near the currently adapted value of 14.8 (1) [18] . Enriched samples of 74 Se and 76 Se were bombarded by α-particles, and β + and β − radiation was measured; "... a strong β + -activity of 1.1-hour half-life was observed in the enriched Se 74 sample but not in the enriched Se 76 sample." Thus 77 Kr was formed in the reaction 74 Se(α,n). The measured 1.1 h half-life is consistent with the presently accepted value of 74.4(6) m. 78 
The discovery of the stable isotope 78 Kr was made by Aston in 1920 with a mass spectrograph, and he reported the results in Isotopes and Atomic Weights [19] . Aston identified six separate isotopes of krypton; "Krypton has no fewer than six constituents: 78, 80, 82, 83, 84, and 86. The last five are strong lines most beautifully confirmed by double-and triple-charged clusters, which can be compared with great accuracy against A (4) and CO (28) . The 78 line has not yet been confirmed in this way owing to its faintness, but there is no reason to doubt its elemental nature. Krypton is the first element giving unmistakable isotopes differing by one unit only." Aston published the actual spectra a few months later [20] . 79 Kr 79 Kr was uniquely identified for the first time by at Ohio State University in the same paper describing the discovery of 77 Kr: Radioactive Kr Isotopes [18] . Enriched samples of 74 Se and 76 Se were bombarded by α-particles and β + and β − radiation was measured. "These curves indicate that the 1.4-day krypton period is formed from stable Se 76 . ... The 1.4-day krypton activity is then assigned to Kr 79 ." This half-life agrees with the currently accepted value of 35.04(10) h. Earlier half-lives of 18(2) h [21] , 34.5(10) h [22] , and 33-35 h [23] had been observed, but it had not been possible to make the unique assignment to 79 Kr. These earlier observations assigned the activity to either 79 Kr or 81 Kr. 80 
The discovery of the stable isotope 80 Kr was made by Aston in 1920 with a mass spectrograph, and he reported the results in Isotopes and Atomic Weights [19] . Aston identified six separate isotopes of krypton; "Krypton has no fewer than six constituents: 78, 80, 82, 83, 84, and 86. The last five are strong lines most beautifully confirmed by double-and triple-charged clusters, which can be compared with great accuracy against A (4) and CO (28). ... Krypton is the first element giving unmistakable isotopes differing by one unit only." Aston published the actual spectra a few months later [20] . 81 
Reynolds reported the discovery of 81 Kr in A New Long-Lived Krypton Activity in 1950 at Argonne National Laboratory [24] . The discovery was made by distilling krypton from a sample of sodium bromide, which had gone through prolonged exposure to intense neutron radiation. The isotope was first noticed due to an ion bump at mass 81 and, upon further inspection, was identified to be 81 Kr. "In addition, a small ion peak was observed at mass 81 which, after the usual tests common to mass spectrometric technique, proved to be due to Kr 81 and not due to an impurity element or to a rare krypton compound ion such as KrH + ." Reynolds concluded 81 Kr decays by way of K-capture with a half-life of 2.1(5)×10 5 y. This half-life agrees with the adapted value of 2.29(11)×10 5 y. The 13.1 s isomers had been observed by Creutz et al. in 1940; however, they could assign the observed 13(2) s activity only to either 79 Kr or 81 Kr [22] .
82−84 Kr
The discovery of the stable isotopes 82 Kr, 83 Kr, and 84 Kr, was made by Aston in 1920 with a mass spectrograph, and he reported the results in Isotopes and Atomic Weights [19] . Aston identified six separate isotopes of krypton; "Krypton has no fewer than six constituents: 78, 80, 82, 83, 84, and 86. The last five are strong lines most beautifully confirmed by double-and triple-charged clusters, which can be compared with great accuracy against A (4) and CO (28). ... Krypton is the first element giving unmistakable isotopes differing by one unit only." Aston published the actual spectra a few months later [20] . 85 
Kr
In 1943, Born and Seelmann-Eggebert were the first to identify 85 Kr in Berlin in their paperÜber die Identifizierung einiger Uranspaltprodukte mit entsprechenden durch (nα)-und (np)-Prozesse erhaltenen Isotopen [25] . Rubidium and strontium salts were irradiated with neutrons from the high-voltage facility of the Kaiser Wilhelm Institut für Physik and decay curves following chemical separation were measured. "Von diesen sind 83 und 84 stabil, so daß dem 4.6-Std.-Krypton offenbar die Masse 85 zuzuordnen ist. Der Bildung dieses Isotops aus Rubidium würde dann dem Prozeß 85 Rb(np) 85 Kr entsprechen." (Out of these, 83 and 84 are stable, so that the 4.6 h krypton obviously has to be assigned to mass 85. The production of this isotope from rubidium would thus correspond to the reaction 85 Rb(n,p) 85 Kr.) The half-life of 4.6 h agrees with the accepted value of 4.480(8) h and corresponds to an isomer. A month earlier the authors detected the 4.6 h activity in the neutron-induced fission of uranium without assigning it to a specific mass [26] . Even earlier, in 1937, Snell [21] had also measured a 4.5 h activity, but could not assign it to a specific isotope: "The strong 74-minute and 4.5-hour activities emit negatives, which shows that they probably belong to krypton 85 and 87." It also should be mentioned that Clancy had argued to assign the ( 85 Kr) 4 h activity to 87 Kr [23, 27] . 86 
The discovery of the stable isotope 86 Kr was made by Aston in 1920 with a mass spectrograph and he reported the results in Isotopes and Atomic Weights [19] . Aston identified six separate isotopes of krypton; "Krypton has no fewer than six constituents: 78, 80, 82, 83, 84, and 86. The last five are strong lines most beautifully confirmed by double-and triple-charged clusters, which can be compared with great accuracy against A (4) and CO (28). ... Krypton is the first element giving unmistakable isotopes differing by one unit only." Aston published the actual spectra a few months later [20] . 87 
In 1943 Born and Seelmann-Eggebert were the first to identify 87 Kr in Berlin in their paperÜber dir Identifizierung einiger Uranspaltprodukte mit entsprechenden durch (nα)-und (np)-Prozesse erhaltenen Isotopen [25] . Rubidium and strontium salts were irradiated with neutrons from the high-voltage facility of the Kaiser Wilhelm Institut für Physik and decay curves following chemical separation were measured. "Widerspruchslos läßt sich unter diesen Voraussetzungen das 75-Min.-Krypton der Masse 87 zuordnen." (Without objections, the 75 m krypton can be assigned under these circumstances to mass 87.) The half-life of 75 m agrees with the accepted value of 76.3(5) m. A month earlier the authors detected the 75 m activity in the neutron-induced fission of uranium without assigning it to a specific mass [26] . Even earlier, in 1937, Snell [21] had also measured a 74(2) m activity, but could not assign it to a specific isotope: "The strong 74-minute and 4.5-hour activities emit negatives, which shows that they probably belong to krypton 85 and 87." It also should be mentioned that Clancy had argued to assign the ( 85 Kr) 4 h activity to 87 Kr [23, 27] . 88 
Langsdorf discovered 88 Kr in 1939 at the Radiation Laboratory at Berkeley and reported his findings in Fission Products of Thorium [28] . "Several long-lived noble gases from thorium irradiated with fast neutrons (9 MeV, from deuterons on beryllium) have been observed. One of these gases is a krypton of 3-hour half-life which decays into an 18-minute rubidium..." The 3 h half-life is consistent with the presently accepted value of 2.84(3) h. The existence of 88 Kr had been noted three months earlier by Heyn et al. [29] . However, Heyn only measured the subsequent decay of 88 Rb and inferred that krypton ( 88 Kr) had escaped from the irradiated uranium solution. 89 
Hahn and Strassmann reported the first identification of 89 Kr in Berlin in the 1943 paperÜber die bei der Uranspaltung auftretenden aktiven Strontium-und Yttrium-Isotope [30] . The isotope was observed following neutron irradiation of uranium and a half-life of 2.5 m was measured. "Sicher ist nur, daß das 2.5-Minuten-Kryptonüber ein 15.4-Minuten-Rubidium in das 55-Tage-Strontiumübergeht." (The only certain assignment is the decay of the 2.5 m krypton, via the 15.4 m rubidium to the 55 d strontium.) Further details were discussed in a subsequent publication [31] . The half-life is close to the presently accepted value of 3.15(4) m. A krypton activity of 2.5−3 m had already been observed in 1940 by Seelman-Eggebert [32] ; however, it could only be linked to a 15.5 m rubidium activity which had been reported by Glasoe and Steigman who at that time had not assigned a mass to the activity [33] . Only a few weeks later Glasoe and Steigman [34] assigned the decay to 89 Rb and indirectly implied the existence of 89 Kr unaware of the Seelman-Eggebert result: "From the manner in which this Rb activity is obtained it is estimated that the Kr parent must have a period of the order of one to five minutes."
Kofoed-Hansen and Nielsen reported the discovery of 90 Kr in 1951 at Copenhagen, Denmark, in Short-Lived Krypton Isotopes and Their Daughter Substances [35] . "Krypton formed in fission of uranium was pumped through a 10-m long tube directly form the cyclotron into the ion source of the isotope separator." Gamma-and β − -radiation was measured and a half-life of 33 s was determined. This value agrees with the currently accepted value of 32.32(9) s. Dillard et al. reported in two papers of the Manhattan Project Technical Series only a short half-life [36] and an estimated half-life of 25 s [37] . The previously reported half-life of 33 s mentioned by Kofoed-Hansen and Nielsen was only published in an internal report [38] . [37] . "The active isotopes of krypton and xenon produced in neutronirradiated uranium have been investigated by the charged-wire collection technique." The measured half-life for 91 Kr of 9.8(5) s is close to the accepted value of 8.57(4) s. In two other papers of this technical series the half-life was estimated to be 6 s [36] and 5.7 s [39] . It should be mentioned that in February 1951 Kofoed-Hansen and Nielsen [35] reported a half-life of 10 s for 91 Kr. The authors were aware of the results of the Manhattan Project. The observed half-life for 92 Kr of 3.0(5) s, which was tentatively assigned to 92 Kr is close to the currently accepted value of 1.840(8) s. In the main text of reference [37] the reported half-life of 2.0(5) s for 93 Kr was assigned to 95 Kr. However, the correct mass of 83 is assigned in a footnote referring to another paper of the Manhattan Project Technical Series [40] . In addition, in a different paper of the series the authors had assigned an estimated half-life of 1-2 s correctly to 93 Kr [36] . The quoted half-life is close to the accepted value of 1.286(10) s. is not credited with the discovery because they were not able to specify the mass directly.
In addition, the measured half-life is significantly larger than the accepted value. We also do not credit the determination of fractional fission yields of 94 Kr from nuclear charge distribution measurements in low-energy fission [42] because it was not directly identified and the half-life was not measured. 95 
The credit for the discovery of 95 Kr is attributed to Bernas et al. in the 1994 paper Projectile Fission at Relativistic Velocities: A Novel and Powerful Source of Neutron-Rich Isotopes Well Suited for In-Flight Isotopic Separation [43] . A 750 MeV/nucleon 238 U beam accelerated by the GSI UNILAC-SIS accelerator system was used to produce 95 Kr in projectile fission on a lead target. The authors do not mention the discovery of 95 Kr because its existence had previously been reported. The fractional fission yields of 95 Kr were determined from nuclear charge distribution measurements in low-energy fission [42] ; however, these measurements are not credited with the discovery because 95 Kr was not directly identified and the half-life was not measured. In 1976, Ahrens et al. extracted the half-life of 95 Kr (T 1/2 = 0.78(3) s) from its long-lived decay products using a gas-flow method [44] [46] . The experiment was performed using projectile fission of 238 U at 750 MeV/nucleon on a beryllium target. "Fission fragments were separated using the fragment separator FRS tuned in an achromatic mode and identified by event-by-event measurements of ∆E-Bρ-ToF and trajectory." During the experiment, individual counts for 97 Kr (2110), 98 Kr (525), 99 Kr (32) , and 100 Kr (3) were recorded. It should be mentioned that an estimated half-life of 1-2 s for 97 Kr had been reported during the Manhattan Project [37] . However, this observation was later questioned [42] , which is supported by the most recent half-life measurement of 68(7) ms [45] .
SUMMARY
The activity of five krypton isotopes ( 79 Kr, 81 Kr, 85 Kr, and 94 Kr) was measured before they could be assigned to the specific isotopes. The half-life of 95 Kr was accepted to be 780 ms until 27 years later, when it was measured to be significantly shorter (114 ms). Based on this large difference a reassignment of the discovery seemed justified. However, the origin of the measured long half-life should be investigated and the new half-life of 95 Kr should be independently confirmed. It is also interesting to note that Krypton was the first element for which adjacent stable isotopes were identified. 
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